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(57) ABSTRACT 

The ceramic matrix composite is constructed by a ceramic 
matrix containing SiC formed by a reaction sintering .as a 
main phase and ceramic fibers comprising SiC compounded 
in this matrix. A coat layer that has been previously coated 
on the fibers is disposed between the fiber and the matrix. 
Theja yer js provided with a BN layerwith a preset thickness 
covering janJhe^urface.o£-Uie^ej^a C layer witrTa preset 
thickness covering the BN layer, and a SiC layer with a 
preset-thickness-coverin^the _C layer. 

10 Claims, 1 Drawing Sheet 



CERAMIC MATRIX 



4 SILICON 

CARBIDE LAYER 




5 CARBON 
LAYER 



2 CERAMIC FIBER 



3 BORON 

NITRIDE LAYER 



03/07/2002, EAST Version: 1.02.000H 



U.S. Patent 



May 22, 2001 



US 6,235,379 Bl 




FIG. I 



03/07/2002, EAST Version: 1.02.0008 



US 6,235,379 Bl 



10 



CERAMIC MATRIX COMPOSITE AND 
METHOD OF MANUFACTURING THE SAME 

BACKGROUND OF THE INVENTION 

The present invention relates to a ceramic matrix com- 
posite used for gas turbine members and the like and a 
method of manufacturing the composite, especially to a 
composite having a ceramic matrix formed by reaction 
sintering and ceramic fibers having a coat layer such as a 
sliding layer combined in the matrix. 

In general, ceramic sintered bodies are used in wide fields 
such as components of industrial electric equipment, air- 
plane members, automobile members, electronic equipment, 
precision machine members, electronic materials like semi- 
conductor materials and structural materials because the 
they show little decrease in their strength up to a high 
temperature and have excellent properties in hardness, elec- 
tric insulation, abrasion resistance, corrosion resistance and 
light weight compared with metallic materials. 

However, the tensile stress of the ceramic sintered body is 
so weak compared with its compressive stress that it has a 
inherent drawback that, when there is a potential defect 
portion, a fracture develops in one moment under a tensile 
stress — so called brittleness — because the stress is focused 
on the defect portion. Actually, ceramic members are easily 
fractured by a collision of foreign materials, inhibiting its 
practical application for, for example, gas turbine members. 

Therefore, it is strongly desired that the ceramic sintered 
bodies are endow with high tenacity or their fracture energy 
is increased for applying it to structural members of ceram- 
ics such as gas turbine members, air plane members and 
automobile members for which a high reliability as well as 
heat resistance and strength at a high temperature are 
require. 

Under these requirements, ceramic matrix composite 
formed by dispersing and compounding composite materials 
such as fibers, whiskers, plates and grains comprising inor- 
ganic materials or metals in the matrix have been noticed as 
ceramic sintered bodies improved in fracture tenacity, frac- 4 q 
ture energy level and heat shock resistance, facilitating 
research and development of these materials for practical 
applications in many research institutes around the world. 
Especially, when fibers such are compounded into a ceramic 
matrix composite, their effects for improving fracture resis- 45 
tance become so large that their practical applications are 
expected. 

Among these ceramic matrix composites, a composite 
material as a high temperature material having silicon car- 
bide (SiC) in its matrix has been especially noticed. While 50 
examples of methods for synthesizing the SiC matrix in the 
composite material include, taking heat resistance of fibers 
into account, CVI (Chemical Vapor Infiltration) method, PC 
(precursor) method and a reaction sintering method, the 
reaction sintering method is noticed as a representative 55 
example by which an initial fracture strength can be so easily 
improved that a high reliability is obtained since a SiC 
matrix with a compact structure is formed by the method. 

In the ceramic matrix composite described above, it is an 
important problem to adequately control the bonding at the 
boundary face between the matrix and fibers in order to 
display the composite effect of fibers, because the composite 
effects like bridging and pulling out are not fully displayed 
when fibers and the ceramics are tightly bonded, being liable 
to be fractured due to brittleness. As a countermeasure, a 
•method for coating a sliding layer comprising boron nitride 
(BN) and the like is known in the art for allowing the fiber 
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to slide against the matrix by weakening the bonding 
between the fiber and matrix. 

However, the sliding layer described above had a problem 
that it was denatured, decomposed or disappeared by a 
reaction with the materials forming the matrix when a 
reaction sintering method was applied. When a reaction 
sintering method in which a SiC matrix is formed by 
impregnating a preform formed with ceramic fibers with 
molten Si is applied, the reactivity of the molten Si to be 
impregnated is so high that it readily reacts with the sliding 
layer or fiber itself, thereby sometimes arising a problem that 
the composite effect of fibers described above can not be 
fully exhibited. 

As one of known method of suppressing the above 
reaction of the sliding layer with molten Si during the 
reaction sintering, there is a recently proposed ceramic 
matrix composite including not only the sliding layer but 
also a reaction suppressing layer such as a SiC layer cov- 
ering the sliding layer. 

The proposed ceramic matrix composite comprises a 
ceramic matrix having SiC formed by the reaction sintering 
as a main phase and ceramic fibers compounded in the 
matrix, wherein a BN layer as the sliding layer capable of 
inducing sliding of fibers against the matrix, and a SiC layer, 
which is a reaction suppressing layer suppressing a reaction 
of the BN layer with molten Si, are disposed between the 
matrix and fibers as a boundary layer. 

The method for producing this ceramic matrix composite 
is described below. First, a BN layer is formed on the surface 
of fibers comprising SiC using CVD method, followed by 
forming a SiC layer on this BN layer using CVD method. 
Next, the fibers are bundled to form a bundle of fibers, which 
is formed into a fiber structure unit by braiding. 

Then, a ceramic powder material is filled in the gaps 
among fibers in this fiber structure unit and in the vicinity of 
the fibers by a slip cast method followed by drying, thereby 
forming a molded body including fibers. This molded body 
is heated at 1420 to 1500° C. so that the molded body is 
impregnated with molten Si for allowing the C component 
in the molded body to react with molten Si, thereby com- 
pounding the fibers in the matrix containing SiC as a main 
phase. Thus, a ceramic matrix composite in which BN layer 
and SiC layer exist in the interface between both of the 
matrix and fibers can be obtained. 

However, the ceramic matrix composite proposed in the 
example above had problems that cracks are so liable to 
generate in the SiC layer during braiding that molten Si 
invades into the BN layer through cracked portions in the 
SiC layer and reacts with the BN layer during the reaction 
sintering, that is, a part or, at worst, almost all of the BN 
layer disappears without exhibiting the effect of the SiC 
layer as a B N protectix eJa.v.er. thereby making it impossible 
to make a boundary layer of desired design to exist between 
the matrix obtained and the fibers. 

Counter measures for the above problems are proposed 
comprising 1) a method for producing a fiber structure unit 
by braiding in a state where a BN layer is formed on the 
surface of fibers, followed by forming SiC in this fiber 
structure unit by CVD method or CIV (Chemical Vapor 
Infiltration) method, and 2) a method for previously dissolv- 
ing B into a solid Si before preparing molten Si. 

According to method 1) above, such problems are sup- 
posed to arise that the difference in film thickness between 
the vicinity of the surface of this fiber structure unit and the 
interior of it becomes large by coating the fiber structure unit 
with SiC, and coating inside of the fiber structure unit is 



03/07/2002, EAST Version: 1.02.0008 



US 6,235,379 Bl 

3 4 

technically difficult. Therefore, this method is not always it is desirable to set the thickness to a prescribed range (to 

effective since much labor and time are required for over- be described hereinafter). 

coming the problems. 2) The SiC layer serves as a protective layer of the BN 

According to method 2) above, the phenomenon that B in layer. Suppose that this SiC layer is absent, then the BN 

the BN layer is dissolved into molten Si can be prevented to 5 layer contacts with molten Si during the process in which a 

some degree when B is previously dissolved into a solid Si ™ ct ' on s ' ntenn S ^ earned outby impregnating with molten 

. f _ J*. u art c; t~ A«i„u;i:t,. i™t „fu iU» Si when the matrix is formed. Then, the BN layer is damaged 

before preparing molten Si up to a solubility limit of B at the & ^ B {q m mo{[ J si 

sintering temperature. ... starts due to a decomposition of the BN layer into B and N. 

However, since SiC is formed during reaction sintering by insufficiently effecting a characteristics of the ceramic 

a reaction of molten Si with C, there would be another matrix composite. Therefore, the contact of molten Si with 

problem that the apparent concentration of B in molten Si the BN layer is prevented and the reaction of the BN layer 

becomes so high that a quantity of B exceeding its solubility with molten Si is suppressed by forming a compactly 

limit in the solid Si precipitates as silicon borate. The structured SiC layer on the BN layer. This SiC layer also 

precipitated silicon borate blocks the pathway for impreg- serves for preventing the C layer from falling off and being 

nating with molten Si to prevent the reaction sintering. 15 damaged during the braiding step. 

As a countermeasure of this problem, it can be worked out 3) The C layer serves for sealing the cracked portion to 

that the quantity ofB dissolved into solid Si before preparing prevent molten Si from contacting with the BN layer by 

molten Si may be previously lessened. However, this is also forming SiC by a reaction with molten Si invading through 

not always advantageous because controlling the amount of 2Q the cracked portion in the SiC layer. 

B dissolved into solid Si before preparing molten Si is Therefore, in the ceramic matrix composite according to 

difficult since, in this case, B in the BN layer is decomposed this invention, molten Si invading through this cracked 

and dissolved in molten Si. portion and C in the C layer just under this cracked portion 

react with each other to form a SiC layer to prevent molten 

SUMMARY OF THE INVENTION ^ Si from i nva ding even when a cracks has been generated in 

Accordingly, it is an general object of the present inven- me sic la Y er durin S the braiding step, so that this SiC layer 

tion to provide a novel ceramic matrix composite and a completely prevents a reaction of molten Si from the 

method of manufacturing the same so as to allow desired cracked portion with the BN layer, making it possible for the 

fibers and a coat layer including a sliding layer covering desirable boundary layer to be present between the matrix 

thereon to exist in the ceramic matrix. 30 obtained and fibers. 

It is a more specific object of the present invention to . In f he « ra ™ matri * u cora P°? ite acc ° rdin S to ^ 

more effectively suppress the reaction of the coat layer such invention the thickness of the BN layer is desirably m he 

as a BN layer covering the ceramic fiber with molten Si that ™f of °- 2 £ m ° r T more an ? ^J™™ less * ™ hen the 

invades through cracked portions even when they are thickness of the BN layer is less than 0.2 /«n, the energy 

present in a reaction suppressing layer such as a SiC layer 35 required for breaking the BN layer as well as the apparent 

covering the sliding layer as the coat layer. bonding force between the fibers and matnx are increased 

. . , * • r t ■ , while the apparent bonding force between the fibers and 

It is another object of the present invention to leave matrix is weakened due to a decrease in the energy required 

ceramic fibers and a coat layer covering thereon in a perfect for blGaki the BN k when me thickness is more than 

state in the matrix by more effectively suppressing the 1.5 /mi. The more preferable thickness of this BN layer is 

reaction of the highly reactive Si with the fiber and the coat a of M QI more and 12 Qr kss 

layer during the reaction sintering. _ . . . ... 

J & to In the ceramic matrix composite according to this 

For the purpose of attaining the problems describeck invetmon> the thickness of the C layer is desirably in the 
above, the ceramic matnx composite according to this^.^ of 0 035 /|m or more and L0 ^ or less When the 
invention comprising a ceramic matnx and a ceramic.fiber 45 thickness of the C layer is less than 0.035, the amount of C 
compounded in the matnx in which there is a coat layer component sufficient for filling the cracks in the SiC layer by 
(boundary layer) between the fiber and matrix previously reactmg with molten Si becomes so short that it is impos- 
coated on the fiber is characterized in that the boundary layer sible tQ prevem molten Si from invading . Wnen the thick- 
is provided with a boron nitride layer covenng the fiber, a ness of the c layer ^ larger than l 0 ^ the excessive C 
carbon layer covering this boron nitride layer and a silicon 5Q component after the react ion with molten Si is burned up 
carbide layer covenng this carbon layer. wherl the material ^ used as a construction member in an 

The matrix described above is a matrix containing silicon oxidizing atmosphere at a high temperature. The burned 

carbide formed by a reaction sintering as a main phase. portion leaves a vacancy between the BN layer and SiC layer 

Preferably, the fiber is a fiber comprising silicon carbide. forming a weakly bonded portion, thereby lessening the 

The functions of each of boundary layers according to this 55 bonding force between the matrix and fibers. The thickness 

invention, i.e. layers of boron nitride (BN), silicon carbide of this C layer is more preferably in the range of 0.1 jtan or 

(SiC) and carbon (C) will be described hereinafter. more and 0.5 /im or less. 

1) Since the BN layer substantially forms a boundary In the ceramic matrix composite according to this 

layer between the ceramic fiber and ceramic matrix serving invention, the thickness of SiC layer is desirably in the range 

for weakening the bonding strength between the fiber and 60 of 0.2 /«n or more and 1.0 /an or less. When the thickness 

matrix, the layer prevents the cracks from being developed of the SiC layer is less than 0.2 /<m, a portion impossible to 

by absorbing the fracture energy, especially by being peeled be coated with SiC layer may appear due to a restriction for 

off from the fiber or matrix during fracturing of the material coating the layer in a uniform thickness and, when the 

or by allowing to fracture the BN layer itself, thereby thickness is larger than 1.0 /mi, there arises an undesirable 

preventing a catastrophic fracture of the matrix. Since the 65 problem that cracks tends to be often generated during the 

effect for absorbing the fracture energy by breaking the BN braiding step. The more desirable thickness of this SiC layer 

layer is strongly influenced by the thickness of the BN layer, is in the range of 0.4 /on or more and 0.8 fim or less. 
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The ceramic matrix composite according to this invention sintering as a main phase and a ceramic fiber compounded 

can be in maximum effected its characteristic properties by in this matrix, wherein a sliding layer capable of inducing 

using, for example, in an inner wall of combustion chambers sliding of said fiber at least against said matrix is formed on 

of a gas turbine or a material for high temperature members the boundary face between this fiber and matrix, is charac- 

like a mobile or static wing. 5 ter >zed in that the fiber comprises a structure unit composed 

™ A • . . ' _ . i , . * t . of a bundle of fibers and the matrix has a composition in 

The ceramic matrix composite can be produced by the , . , . A cc „. . . . , „ 

f n . . , v v 7 which the amount of free Si in an inner portion of the bundle 

ionowing metnoa. of fiben , ig su5s|antially less than the amount of free Si outer 

The method for producing a ceramic matrix composite portion of the bundle of fibers, 

according to this invention is characterized in that it com- As used herein "inner portion" includes not only an inside 

prises the steps of forming a boron nitride layer on the 10 port ion but also a vicinity portion of the bundle of fibers, 

ceramic fiber, forming a carbon layer on this boron nitride ^ matrix described above should desirably have a 

layer, forming a silicon carbide layer on this carbon layer, composition in which the content of free Si outside of the 

weaving this fiber on which these three layers are formed DUmile 0 f ^ s j s sma u cr than 25% by volume. When the 

into a fabric and forming a matrix of ceramics among the content of free Si outside of the bundle of fibers is 25% by 

woven fibers. 1S volume or more, a decrease in strength is observed because 

According to this invention, as hitherto described, since a the occupation ratio of Si against SiC increases, 

carbon layer is provided between the layers of boron nitride The matrix should more desirably have a composition in 

and silicon carbide as a boundary layer between the matrix which the ratio between a and b (b/a) is 1.25 or more, 

of ceramics and ceramic fibers compounded in the matrix, provided that the content of free Si inside and in the vicinity 

molten Silicon invading through cracks reacts with carbon in 20 of the bundle of fibers is a (in % by volume) and the content 

the carbon layer and is trapped as silicon carbide even when of free Si outside of the bundle of fibers is b (% by volume), 

there are cracked portions in the silicon carbide layer. When the composition of the matrix is adjusted to such 

Therefore, the reaction of boron nitride with molten content of free Si, the effect for suppressing the reaction can 

Silicon can be almost inhibited by this silicon carbide, is be more certainly exhibited. 

making it possible to obtain a ceramic matrix composites in The sliding layer should desirably comprise at least one 

which there is a desirable boundary layer between the matrix material containing B, N, Si, C and O. BN or C is desirable, 

obtained and fibers. for example, as a component capable of exhibiting a sliding, 

For the purpose of attaining the objects above, the present SiC, Si0 2 , Si 3 N 4 or an amorphous component (Si — C — 

inventors have studied how to suppress the reaction of the 3Q N— 0 component) being also possible to be compounded for 

highly reactive molten Si that is a matrix forming material sharing such functions as anti-oxidation, 

with the fiber or sliding layer and noticed of the following The ceramic matrix composite described above can be 

facts. produced by the following methods. 

First, there is a restriction that a matrix composition The method for producing a ceramic matrix composite 

should have substantially no shrinkage on drying in order to 35 according to this invention in which the fiber is compounded 

effectively prevent generation of cracks accompanied by a in a matrix containing SiC as a main phase by the steps 

heat shrinking in the molded body in which fibers are comprising forming a structure unit with ceramic fibers and 

compounded. Accordingly, the matrix contains a prescribed impregnating this structure unit with a material for the 

quantity of free Si that disadvantageous^ affects on the reaction sintering containing C component, followed by 

strength and heat resistance in the matrix after the sintering, 40 subjecting the C component to a reaction sintering with 

thereby increases the opportunity for contacting the molten molten Si by impregnating the structure unit with molten Si, 

Si with fibers during the reaction fusing. Increasing the is characterized in what a method for controlling the amount 

opportunity for contacting the molten Si with fibers means of free Si in the matrix after the reaction sintering is used, 

that a reaction easily proceeds between them. wherein the inside and the vicinity of the bundle of fibers 

From the results above, it was concluded that the follow- 45 formed by bundling the fibers are impregnated with a 

ing countermeasures are effective. A structure unit com- material for the first reaction sintering whose composition 

posed of a bundle of fibers compounded in the matrix is used has been previously adjusted based on the content of 

for effectively suppressing the reaction between Si and fibers residual Si in said matrix prior to sintering, followed by 

while allowing to contain a prescribed amount of free Si in impregnating the outside of the bundle of fibers with a 

the matrix obtained. The composition of the matrix portion 50 material for the second reaction sintering whose composi- 

is adjusted so that there is a little free Si even when any tion has been previously adjusted so that the amount of said 

shrinkage on drying occurs, since cracks generated by a residual Si becomes larger than the amount of said material 

shrinkage on drying less affect on deterioration of strength for the first reaction sintering is. 

at the inside and in the vicinity of the bundle of fibers than A slurry containing at least one of SiC powder, C powder, 

at the matrix portion outside of the bundle of fibers, thereby 55 a ceramic precusor and a resin as a main component is 

reducing the opportunity of molten Si contacting with fibers. desirably used for the materials of the first and second 

The inventors found that, in completing the present reaction sintering, 

invention, deterioration of strength due to shrinkage on In using a slurry containing C powders, two kinds of C 

drying can be sufficiently prevented by allowing a pre- powders are prepared, for example, the material for the first 

scribed amount of free Si to remain in the matrix portion 60 reaction sintering being a slurry containing C powder with 

outside of the bundle of fibers. The reaction of molten Si smaller grain size in larger proportion while the material for 

impregnating during the reaction sintering with fibers can be the second reaction sintering being the slurry containing C 

also effectively prevented by the composition containing powder with larger grain size in larger proportion, 

smaller amount of free Si in the matrix portion inside and in When a precursor of ceramics is used, the material for the 

the vicinity of the bundle of fibers. 65 first reaction sintering is a mixture of polycarbosilane and C 

The ceramic matrix composite according to this invention powder while the material for the second reaction sintering 

comprising a matrix containing SiC formed by a reaction is a mixture of polycarbosilane, C powder and SiC powder. 
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When a resin is used, the material for the first reaction 
sintering is a phenol resin while the material for the second 
reaction sintering is a mixture of a phenol resin and SiC 
powder. 

According to this invention, as hitherto described, the 5 
reaction of the highly reactive molten Si with the fiber or 
sliding layer can be effectively suppressed at the inside of 
the bundle of fibers including its vicinity because the amount 
of free Si is substantially smaller inside and in the vicinity 
of the bundle of fibers than that outside of the bundle of * n 
fibers, enabling the fiber and sliding layer to remain in the 
matrix in a perfect state. Therefore, a ceramic matrix com- 
posite with a compact structure having SiC by a reaction 
sintering, which is excellent in anti -oxidation property, can 
be obtained with little deterioration of the characteristics of 15 
the fiber and its boundary face. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a conceptual drawing illustrating the construc- 
tion of the ceramic matrix composite according to the 20 
present invention. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

Embodiments of the ceramic matrix composite and the 25 
method for producing the same according to the present 
invention are described hereinafter in more detail. 
First Embodiment 

FIG. 1 is a conceptual view of the ceramic matrix com- 
posite according to the first embodiment. The ceramic 30 
matrix composite in FIG. 1 comprises a matrix 1 containing 
SiC formed by a reaction sintering as a main phase and fibers 
2 comprising SiC that is compounded in this matrix 1, 
disposing the BN layer 3 and SiC layer 4 described above as 
well as the carbon (C) layer 5 between both of the layers 3 35 
and 4. 

The method for producing the ceramic matrix composite 
according to the first embodiment is described below. 

A bundle of fibers formed into a yarn by bundling 500 to 
2000 strings of fibers comprising SiC (made by Nippon 40 
Carbon Co., trade name: Hinicaron) 2 was prepared. The BN 
layer 3 is formed on the surface of this bundle of fibers using 
CVD method, the C layer 5 is formed on the BN layer 3 
using CVD method and the SiC layer 4 is formed on the C 
layer 5 using CVD method. Then, the fibers 2 on which each 45 
boundary layer of BN layer 3 to C layer 5 is formed is 
subjected to braiding followed by forming, for example, a 
fiber structure unit braiding body) comprising 24 braid 
strings and 8 central strings. 

A molded body containing the fibers 2 is produced by 50 
filling the gap and its vicinity of the fibers 2 of this fiber 
structure unit with a powder of ceramic materials using a slip 
cast method followed by drying. The powder C with a 
particle size of 0.01 to 1.00 //m and a dispersing agent, as 
well as a binder for allowing its powder configuration to 55 
hold during drying and a prescribed amount of pure water 
are used for preparing a slurry for the slip cast method. The 
mixture is crushed and mixed in a wet state for 10 to 20 
hours using a pot mill. 

The fibers 2 are compounded in the matrix 1 containing 60 
SiC as a main phase by heating the molded body described 
above at 1420 to 1500° C. in a vacuum to allow it to react 
with the C component in the molded body after impregnat- 
ing it with molten Si, thereby obtaining a ceramic matrix 
composite in which the BN layer 3, C layer 5 and SiC layer 65 
4 are present as boundary layers between the matrix 1 and 
fibers 2. 
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Accordingly, in this ceramic matrix composite, molten Si 
invading through a cracked portion in the SiC layer 4 reacts 
with C in the C layer 5 situated just under this cracked 
portion forming a fresh SiC by trapping Si. The reaction 
between molten Si and BN layer 3 is almost perfectly 
inhibited by this SiC serving as a barrier, thereby making a 
desired boundary layer with almost prescribed design pos- 
sible to be present between the matrix 1 obtained by the 
reaction sintering and the fibers 2 compounded in this matrix 
1. 

For the purpose of testing the characteristic strength of 
this ceramic matrix composite, a plurality of ceramic matrix 
composite was prepared by the same method as described 
above, except that only the thicknesses of the BN layer, C 
layer and SiC layer were changed. Sample specimens cut off 
from the above samples were subjected to a three point flex 
test at room temperature and in an oxidizing atmosphere at 
1300° C. For comparison, similar tests as above were also 
carried out on the sample without C layer as a boundary 
layer. 

The characteristic strength of ceramic matrix composite 
according to this embodiment is described hereinafter refer- 
ring to T^ble 1. 

EXAMPLE 1 

In Example 1, the thicknesses of BN layer, C layer and Si 
layer were 0.4 /<m, 0.2 fim and 0.4 jum, respectively, as 
shown in FIG. 1. In the tree point flex test, the initial fracture 
strength ol and maximum strength o2 at room temperature 
were 232 MPa and 605 MPa, respectively while, at 1300° C, 
o*l and o*2 were 234 MPa and 602 MPa, respectively as 
shown in Table 1. Therefore, it was confirmed from Example 
1 that, although the initial fracture strength is decreased as 
compared with that in the prior art where there is no C layer, 
the maximum strength is greatly increased. This is because 
the reaction of the BN layer with molten Si is more effec- 
tively suppressed by forming the C layer as a boundary layer 
between the BN layer and SiC layer. 

EXAMPLE 2 

In Example 2, the thicknesses of BN layer was 0.2 /«n 
while the other experimental conditions were identical with 
those in Example 1. In the three point flex test, the initial 
fracture strength ol and maximum strength cr2 at room 
temperature were 288 MPa and 503 MPa, respectively 
while, at 1300° C, ol and o2 were 289 MPa and 501 MPa, 
respectively as shown in Table 1. Accordingly, Example 2 
showed a tendency to increase in the initial fracture strength 
and to decrease in the maximum strength at room tempera- 
ture and at 1300° C. by making the thickness of the BN layer 
smaller than that in Example 1. This is because making the 
thickness of the BN layer small results in an increase in the 
fracture energy of the BN layer, enhancing the apparent 
bonding force between the matrix and fibers. 

EXAMPLE 3 

In Example 3, the thicknesses of BN layer was 1.5 /nn 
while the other experimental conditions were identical with 
those in Example 1. In the three point flex test, the initial 
fracture strength ol and maximum strength o2 at room 
temperature were 151 MPa and 645 MPa, respectively 
while, at 1300° C, ol and o2 were 149 MPa and 645 MPa, 
respectively, as shown in Table 1. Accordingly, Example 3 
showed a tendency to decrease in the initial fracture strength 
and to increase in the maximum strength at room tempera- 
ture and at 1300° C. by making the thickness of the BN layer 
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larger than that in Example 1. This is because making the 
thickness of the BN layer large results in a decrease in the 
fracture energy of the BN layer, weakening the apparent 
bonding force between the matrix and fibers. 

EXAMPLE 4 

In Example 4, the thicknesses of C layer was 0.035 
while the other experimental conditions were identical with 
those in Example 1. In the three point flex test, the initial 
fracture strength ol and maximum strength o*2 at room 
temperature were 315 MPa and 472 MPa, respectively 
while, at 1300° C, crl and o2 were 318 MPa and 479 MPa, 
respectively, as shown in Table 1. Accordingly, Example 4 
showed a tendency to increase in the initial fracture strength 
and to decrease in the maximum strength at room tempera- 
lure and at 1300° C. by making the thickness of the C layer 
smaller than that in Example 1. The reason is that making the 
thickness of the C layer small results in a deficiency of the 
C component sufficient for filling the cracks in the SiC layer, 
thereby making it impossible to sufficiently suppress inva- 
sion of molten Si through the cracked portion. 

EXAMPLE 5 



In Example 5, the thicknesses of C layer was 1.0 /mi while 25 
the other experimental conditions were identical with those 
in Example 1. In the three point flex test, the initial fracture 
strength ol and maximum strength o2 at room temperature 
were 115 MPa and 645 MPa, respectively while, at 1300° C, 
ol and ol were 118 MPa and 618 MPa, respectively, as 30 
shown in Table 1. Accordingly, Example 5 showed a ten- 
dency to decrease in the initial fracture strength and to 
increase in the maximum strength at room temperature and 
at 1300° C. by making the thickness of the C layer larger 
than that in Example 1. This is because, by making the 35 
thickness of the C layer large, the excessive C component 
that has not been consumed in the reaction with molten Si is 
burned up when the material is used as a construction 
member in an oxidizing atmosphere at a high temperature, 
forming a vacancy at the burned portion that causes weak- 40 
ening of the bonding force. 

EXAMPLE 6 



In Example 6, the thicknesses of SiC layer was 0.2 //m 
while the other experimental conditions were identical with 
those in Example 1. In the three point flex test, the initial 
fracture strength ol and maximum strength o2 at room 
temperature were 271 MPa and 526 MPa, respectively 
while, at 1300° C, ol and o2 were 276 MPa and 522 MPa, 
respectively, as shown in Table 1. Accordingly, Example 6 
showed a tendency to increase in the initial fracture strength 
and to decrease in the maximum strength at room tempera- 
ture and at 1300° C. by making the thickness of the SiC layer 
smaller than that in Example 1. This is because a portion 
impossible to be coated with SiC layer may appear due to a 
restriction for coating the layer in a uniform thickness by 
making the thickness of the SiC layer small, inhibiting the 
function of the BN layer as a protective layer to be effected. 



55 



EXAMPLE 7 

In Example 7, the thicknesses of BN layer was 0.3 /mi 
while the other experimental conditions were identical with 
those in Example 1. In the three point flex test, the initial 
fracture strength ol and maximum strength o2 at room 
temperature were 258 MPa and 551 MPa, respectively 
while, at 1300° C, ol and o2 were 260 MPa and 553 MPa, 



60 



respectively, as shown in Table 1. Accordingly, Example 7 
showed a tendency to increase in the initial fracture strength 
and to decrease in the maximum strength at room tempera- 
ture and at 1300° C. as shown in Example 2 by making the 
thickness of the 13N layer smaller than that in Example 

EXAMPLE 8 

In Example 8, the thicknesses of BN layer was 0.6 /mi 
while the other experimental conditions were identical with 
those in Example 1. In the three point flex test, the initial 
fracture strength ol and maximum strength o2 at room 
temperature were 209 MPa and 638 MPa, respectively 
while, at 1300° C, ol and o2 were 211 MPa and 640 MPa, 
respectively, as shown in Table 1. Accordingly, Example 8 
showed a tendency to decrease in the initial fracture strength 
an to increase in the maximum strength at room temperature 
and at 1300° C. as shown in Example 3 by making the 
thickness of the BN layer larger than that in Example 1. 

EXAMPLE 9 

In Example 9, the thicknesses of BN layer was 1.0 /an 
while the other experimental conditions were identical with 
those in Example 1. In the three point flex test, the initial 
fracture strength ol and maximum strength o2 at room 
temperature were 165 MPa and 645 MPa, respectively 
while, at 1300° C, ol and o2 were 162 MPa and 647 MPa, 
respectively, as shown in Table 1. Accordingly, Example 9 
showed a tendency to decrease in the initial fracture strength 
and to increase in the maximum strength at room tempera- 
ture and at 1300° C as shown in Example 3 by making the 
thickness of the BN layer larger than that in Example 1. 

EXAMPLE 10 

In Example 10, the thicknesses of BN layer was 1.4 /«n 
while the other experimental conditions were identical with 
those in Example 1. In the three point flex test, the initial 
fracture strength ol and maximum strength o2 at room 
temperature were 158 MPa and 643 MPa, respectively 
while, at 1300° C, ol and o2 were 160 MPa and 640 MPa, 
respectively, as shown in Table 1. Accordingly, Example 10 
showed a tendency to decrease in the initial fracture strength 
and to increase in the maximum strength at room tempera- 
ture and at 1300° C. as shown in Example 3 by making the 
thickness of the BN layer larger than that in Example 1. 

EXAMPLE 11 

In Example 11, the thicknesses of C layer was 0.07 /mi 
while the other experimental conditions were identical with 
those in Example 1. In the three point flex test, the initial 
fracture strength ol and maximum strength o2 at room 
temperature were 300 MPa and 480 MPa, respectively 
while, at 1300° C, ol and o2 were 305 MPa and 481 MPa, 
respectively, as shown in Table 1. Accordingly, Example 11 
showed a tendency to increase in the initial fracture strength 
and to decrease in the maximum strength at room tempera- 
ture and at 1300° C. as shown in Example 4 by making the 
thickness of the C layer smaller than that in Example 1. 

EXAMPLE 12 

In Example 12, the thicknesses of C layer was 0.16 /tm 
while the other experimental conditions were identical with 
L those in Example 1. In the three point flex test, the initial 
fracture strength ol and maximum strength ol at room 
temperature were 245 MPa and 582 MPa, respectively 
while, at 1300° C, ol and o2 were 246 MPa and 581 MPa, 
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respectively, as shown in Table 1. Accordingly, Example 12 
showed a tendency to increase in the initial fracture strength 
and to decrease in the maximum strength at room tempera- 
ture and at 1300° C. as shown in Example 4 by making the 
thickness of the C layer smaller than that in Example 1. 

EXAMPLE 13 

In Example 13, the thicknesses of C layer was 0.3 /an 
while the other experimental conditions were identical with 
those in Example 1. In the three point Sex test, the initial 
fracture strength ol and maximum strength a2 at room 
temperature were 201 MPa and 635 MPa, respectively 
while, at 1300° C, ol and o2 were 202 MPa and 610 MPa, 
respectively, as shown in Table 1. Accordingly, Example 13 
showed a tendency to decrease in the initial fracture strength 
and to increase in the maximum strength at room tempera- 
ture and at 1300° C. as shown in Example 5 by making the 
thickness of the C layer larger than that in Example 1. 

EXAMPLE 14 

In Example 14, the thicknesses of C layer was 0.8 fan 
while the other experimental conditions were identical with 
those in Example 1. In the three point flex test, the initial 
fracture strength ol and maximum strength o2 at room 
temperature were 126 MPa and 641 MPa, respectively 
while, at 1300° C, ol and o2 were 123 MPa and 610 MPa, 
respectively, as shown in Table 1. Accordingly, Example 13 
showed a tendency to decrease in the initial fracture strength 
and to increase in the maximum strength at room tempera- 
ture and at 1300° C. as shown in Example 5 by making the 
thickness of the C layer larger than that in Example 1. 

EXAMPLE 15 

In Example 15, the thicknesses of SiC layer was 0.3 //m 
while the other experimental conditions were identical with 
those in Example 1. In the three point flex test, the initial 
fracture strength ol and maximum strength cr2 at room 
temperature were 241 MPa and 601 MPa, respectively 
while, at 1300° C, ol and o2 were 238 MPa and 601 MPa, 
respectively, as shown in Table 1. Accordingly, Example 15 
showed a tendency to increase in the initial fracture strength 
but to be nearly identical in the maximum strength at room 
temperature and at 1300° C. as shown in Example 6 by 
making the thickness of the SiC layer smaller than that in 
Example 1. 

EXAMPLE 16 

In Example 16, the thicknesses of SiC layer was 0.5 pm 
while the other experimental conditions were identical with 
those in Example 1. In the three point flex test, the initial 
fracture strength ol and maximum strength o*2 at room 
temperature were 230 MPa and 581 MPa, respectively 
while, at 1300° C, ol and o2 were 225 MPa and 582 MPa, 
respectively, as shown in T^ble 1. Accordingly, Example 16 
showed a tendency to be nearly identical in the initial 
fracture strength but to decrease in the maximum strength at 
room temperature and at 1300° C. as shown in Example 7 by 
making the thickness of the SiC layer larger than that in 
Example 1. 

EXAMPLE 17 

In Example 17, the thicknesses of SiC layer was 0.7 /mi 
while the other experimental conditions were identical with 
those in Example 1. In the three point flex test, the initial 
fracture strength ol and maximum strength o2 at room 
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temperature were 232 MPa and 455 MPa, respectively 
while, at 1300° C, ol and o2 were 236 MPa and 460 MPa, 
respectively, as shown in Table 1. Accordingly, Example 17 
showed a tendency to be nearly identical in the initial 
5 fraclure strength but to decrease in the maximum strength at 
room temperature and at 1300° C. as shown in Example 7 by 
making the thickness of the SiC layer larger than that in 
Example 1. 

10 

COMPARATIVE EXAMPLE 1 

In Comparative Example 1, the thicknesses of BN layer 
15 was 1.6 fan while the other experimental conditions were 
identical with those in Example 1. In the three point flex test, 
the initial fracture strength ol and maximum strength o2 at 
room temperature were 145 MPa and 643 MPa, respectively 
while, at 1300° C, ol and o2 were 144 MPa and 645 MPa, 
20 respectively, as shown in Table 1. Accordingly, especially 
the initial fracture strength at room temperature and at 1300° 
C. was largely decreased in Comparative Example 1 because 
the thickness of the BN layer was made larger than 1.5 /im. 

25 COMPARATIVE EXAMPLE 2 

In Comparative Example 2, the thicknesses of C layer was 
0.03 fan while the other experimental conditions were 

30 identical with those in Example L In the three point flex test, 
the initial fracture strength al and maximum strength o2 at 
room temperature were 321 MPa and 468 MPa, respectively 
while, at 1300° C, ol and o2 were 320 MPa and 464 MPa, 
respectively, as shown in Table 1. Accordingly, especially 

35 the maximum strength at room temperature and at 1300° C. 
was largely decreased in Comparative example 2 because 
the ihickness of the C layer was made smaller than 0.035 
ftm. 

40 

COMPARATIVE EXAMPLE 3 

In Comparative Example 3, the thicknesses of C layer was 
1.2 ftm while the other experimental conditions were iden- 

45 tical with those in Example 1. In the three point flex test, the 
initial fracture strength ol and maximum strength o2 at 
room temperature were 108 MPa and 642 MPa, respectively 
while, at 1300° C, ol and o2 were 110 MPa and 619 MPa, 

5Q respectively, as shown in Table 1. Accordingly, especially 
the initial fracture strength at room temperature and at 1300° 
C. was largely decreased in Comparative Example 3 because 
the thickness of the C layer was made larger than 1.0 /<m. 

55 COMPARATIVE EXAMPLE 4 

In Comparative Example 4, the thicknesses of SiC layer 
was 0.15 fan while the other experimental conditions were 

60 identical with those in Example L In the three point flex test, 
the initial fracture strength ol and maximum strength o2 at 
room temperature were 293 MPa and 526 MPa, respectively 
while, at 1300° C, ol and o2 were 290 MPa and 521 MPa, 
respectively, as shown in Table 1. Accordingly, especially 

65 the maximum strength at room temperature and at 1300° C. 
was largely decreased in Comparative example 4 because 
the thickness of the SiC layer was made smaller than 0.2 /*m. 
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Three point flex strength 
Thickness of boundary layer (M?e) 

(g) Room tempreture 1300° C 



Sample No. 


BN layer 


C layer 


SiC layer 


CFl 


o 2 


o 1 


o2 


Ex. 1 


0.4 


0.2 


0.4 


232 


605 


234 


602 


Ex. 2 


0.2 


0.2 


0.4 


288 


503 


289 


501 


Ex. 3 


1.5 


0.2 


0.4 


151 


645 


149 


645 


Ex. 4 


0.4 


0.035 


0.4 


315 


472 


318 


479 


Ex. 5 


0.4 


1.0 


0.4 


115 


645 


118 


618 


Ex. 6 


0.4 


0.2 


0.2 


271 


526 


276 


522 


Ex. 7 


03 


0.2 


0.4 


258 


551 


260 


553 


Ex. 8 


0.6 


0.2 


0.4 


209 


638 


211 


640 


Ex. 9 


1.0 


0.2 


0.4 


165 


645 


162 


647 


Ex. 10 


1.4 


0.2 


0.4 


158 


643 


160 


640 


Ex. 11 


0.4 


0.07 


0.4 


300 


480 


305 


481 


Ex. 12 


0.4 


0.16 


0.4 


245 


582 


246 


581 


Ex. 13 


0.4 


0.3 


0.4 


201 


635 


202 


610 


Ex. 14 


0.4 


0.8 


0.4 


126 


641 


123 


610 


Ex. 15 


0.4 


0.2 


0.3 


241 


601 


238 


601 


Ex. 16 


0.4 


0.2 


0.5 


230 


581 


225 


532 


Ex. 17 


0.4 


0.2 


0.7 


232 


455 


236 


460 


Comp. Ex. 1 


1.6 


0.2 


0.4 


145 


643 


144 


645 


Comp. Ex. 2 


0.4 


0.03 


0.4 


321 


468 


320 


464 


Comp. Ex. 3 


0.4 


1.2 


0.4 


108 


642 


110 


619 


Comp. Ex. 4 


0.4 


0.2 


0.15 


293 


526 


290 


521 


Prior Art 


0.4 




0.4 


330 


450 


332 


448 



Note: 

ol: Initial fracture strength 
a 2: Maxim stregth 



Second Embodiment 

In the second embodiment, a bundle of fibers (yarns) 
prepared by bundling 500 strings of SiC based ceramic 
fibers (made by Nippon Carbon Co., trade name: Hinicaron) 35 
with a diameter of 14 /an was prepared, a sliding layer with 
a prescribed thickness being formed on the surface of mono 
filament of the fiber, and a sheet of plane weave cloth was 
woven from this bundle of fibers. 

This plane weave cloth was immersed into and impreg- 
nated with a first slurry (slip). The first slurry used was a 40 
mixture of a carbon powder with a central diameter of about 
30 nm (30 wt %), pure water (65 wt %) and a detergent (5 
wt %). 

A preform was formed by laminating this plane weave 
cloth after drying. This preform was set in a mold made of 45 
a porous resin (volume ratio of the fiber Vf=*27%) to obtain 
a molded body by impregnating it with a second slurry 
(slip), followed by molding and drying. The second slurry 
used above contains SiC powder (70 wt %) and granular 
carbon powder (30 wt %) with a central particle size of about 50 
5 nm as solid fractions, into which pure water (47 wt %) and 
a detergent (3 wt %) were added to make the final solid 
fractions of 50 wt %. 

As described above, a method for controlling the amount 
of residual Si inside (including in the vicinity) and outside 55 
of the bundle of fibers in the matrix obtained by a reaction 
sintering was used depending on the amount of filled C 
based on the particle size distribution and composition of the 
powder to be impregnated, by independently impregnating 
the bundle of fibers and preform with each two kind of 60 
slurry. Increasing the amount of filled C per unit volume of 
the open space excluding the filled space with SiC means 
that the amount of unreached Si remaining during the reac- 
tion with molten Si decreases. 

The molded body formed by controlling the amount of 65 
residual Si as described above was made to contact with a 
fused metallic Si (purity 99.9%), followed by allowing to 



synthesize SiC by a reaction sintering in the matrix by 
heating at 1430° C. for 5 hrs in a vacuum to impregnate the 
molded body with the molten Si, thereby obtaining a 
ceramic matrix composite having a composition in which 
the amount of free Si inside and in the vicinity of the bundle 
of fibers is less than that outside of the bundle of fibers in the 
matrix. 

Accordingly, since the reaction of highly reactive molten 
Si with the fiber or sliding layer is more effectively sup- 
pressed inside and in the vicinity of the bundle of fibers in 
this composite material, the sliding layer and fiber can exist 
in the matrix in more perfect state. 

For the purpose of verifying the characteristics of this 
ceramic matrix composite, a plurality of ceramic matrix 
composites was obtained by a nearly identical production 
process as described above, except that the amount of free 
Si in the matrix was changed. Sample pieces with a pre- 
scribed size (Example 18 to 20) were cut off from this for 
each test described below. 

The characteristics of ceramic matrix composites accord- 
ing to this embodiment are described referring to Table 2. 

EXAMPLE 18 

As shown in Table 2, the density of the composite material 
in Example 18 was 3.0 g/cm 3 while, regarding the amount 
of free Si (the amount inside and in the vicinity of the bundle 
of fibers is denoted as a and that outside of the bundle of 
fibers is denoted as b hereinafter), a, b and the 'ratio between 
the two (b/a) were 16% by volume, 21% by volume and 
1.31, respectively. 

Regarding the three point flex strength at room 
temperature, the initial flex fracture strength ol and maxi- 
mum strength o2 were 200 MPa and 490 MPa, respectively. 
When the fracture energy was estimated based on a defor- 
mation curve under a load in the three point Ilex test, the 
effective fracture energy y was 6.9 KJ/m 2 , showing a stable 
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fracture behavior characteristic to the composite material in 
which a complete fracturing does not develop in one stroke. 
An observation of the fractured face under SEM (scanning 
electron microscope) revealed that BN layer uniformly and 
perfectly remained on each string of mono filament, clearly 
confirming that each fiber is evidently pulled out. 

EXAMPLE 19 

As shown in Table 2, the density of the composite material 
obtained in Example 19 was 3.0 g/cm 3 . The amount of free 
Si, a, b and the ratio between the two (b/a) were 18% by 
volume, 21% by volume and 1.17, respectively. 

Regarding the three point flex strength at room 
temperature, al and a2 were 210 MPa and 410 MPa, 
respectively and y was 5.8 kJ/m 2 , showing a stable fracture 
behavior characteristic to the composite material in which a 
complete fracturing does not develop in one stroke. An 
observation of the fractured face under SEM (scanning 
electron microscope) revealed that BN layer uniformly and 
perfectly remained on each string of monofilament, clearly 
confirming that each fiber is evidently pulled out. 

EXAMPLE 20 

As shown in Table 2, the density of the composite material 
obtained in Example 20 was 3.0 g/cm 3 . The amount of free 
Si, a, b and the ratio between the two (b/a) were 17% by 
volume, 26% by volume and 1.53, respectively. 

Regarding the three point flex strength at room 
temperature, al and o2 were 200 MPa and 440 MPa, 
respectively and y was 6.1 kJ/m 2 , showing a stable fracture 
behavior characteristic to the composite material in which a 
complete fracturing does not develop in one stroke. An 
observation of the fractured face under SEM (scanning 
electron microscope) revealed that BN layer uniformly and 
perfectly remained on each string of monofilament, clearly 
confirming that each fiber is evidently pulled out. 
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respectively and y was 3.6 kJ/m 2 , which were smaller than 
the values in the examples described above. Although the 
fracture does not develop in one stroke, the fracture behavior 
was more resembled to that of brittle fracture. An observa- 

5 tion of the fractured face under SEM (scanning electron 
microscope) revealed that BN layer was partly disappeared 
due to a reaction with molten Si, clearly confirming that the 
fiber and matrix were fused together at the portion where BN 

io layer had disappeared. 

COMPARATIVE EXAMPLE 6 

A ceramic matrix composite was obtained in by an 
15 approximately identical production process as in Compara- 
tive Example 6, except that b was made to 26% by volume 
and a test was carried out using this cut-off sample piece. As 
shown in Table 2, the density of the composite material 
20 obtained was 3.0 g/cm 3 . The amount of free Si, a, b and the 
ratio of them (b/a) was 26% by volume, 26% by volume and 
1.00, respectively. 

Regarding the three point flex strength, al was 290 MPa 
while o2 could not be confirmed since the sample showed a 
brittle fracture. The effective fracture energy y was 0.7 kJ/m 2 
that is smaller than the values compared with those in each 
example described above. Although the fracture does not 
develop in one stroke, the fracture behavior was more 

30 resembled to that of brittle fracture. An observation of the 
fractured face under SEM (scanning electron microscope) 
revealed that BN layer was partly disappeared due to a 
reaction with molten Si as shown in Comparative Example 
1 above, clearly confirming that the fiber and matrix were 

35 fused together at the portion where BN layer had disap- 
peared. 



TABLE 2 



Three point Rex strength 
Free Si in matrix Kind of froom temperature') 





Density 


a 


b 




sliding 


o 1 


o2 


Y 


Sample No. 


(g/cm 3 ) (vol. %) 


(vol. %) 


b/a 


layer 


(Mpa) 


(Mpa) 


(kJ/m 2 ) 


Ex. 18 


3.0 


16 


21 


1.31 


BN 


200 


490 


6.9 


Ex. 19 


3.0 


IS 


21 


1.17 


BN 


210 


410 


5.8 


Ex. 20 


3.0 


17 


26 


1.53 


BN 


200 


440 


6.1 


Com p. Ex. 5 


3.0 


22 


21 


0.95 


BN 


280 


290 


3.6 


Com p. Ex. 6 


3.0 


26 


26 


1.00 


BN 


290 


Not 


0.7 














confirmed 





Note: 

o 1: Initial fracture strength 

o 2: Maxim stregth 

y: Effective fracture strengt 



COMPARATIVE EXAMPLE 5 

In Comparative Example 5, a ceramic matrix composite 
was obtained by an approximately identical production 
process as described above, except that the preform was 
impregnated with the second slurry without using the first 
slurry. The tests as described above were carried out- using 
a sample piece cut off from the sample above. 

As shown in Table 2, the density of the composite material 
obtained in Example 3 was 3.0 g/cm 3 . The amount of free Si, 
a, b and the ratio between the two (b/a) were 22% by 
volume, 21% by volume and 0.95, respectively. 

Regarding the three point flex strength at room 
temperature, al and o2 were 280 MPa and 290 MPa, 



In another examples where 1) at least one kind of material 
comprising B, N, C, Si and O instead of BN was used as a 
sliding layer and 2) a slurry mainly containing a ceramic 
precursor was used and a slurry mainly containing a resin 
was used in the production process, nearly identical results 

60 as described above were obtained. 

The invention may be embodied on other specific forms 
without departing from the sprit or essential characteristics 
thereof. The present embodiments are therefore to be con- 
sidered in all respects as illustrative and not restrictive, the 

65 scope of the invention being indicated by the appended 
claims rather than by the foregoing description and all 
changes which come within the meaning and range of 
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equivalency of the claims are therefore intended to be 
embraced therein. 
What is claimed is: 

1. A ceramic matrix composite comprising: 

a ceramic matrix having a main phase of SiC and a 
remaining phase including free Si, said SiC being 
formed by reaction sintering between a molten silicon 
(Si) and a carbon (C) component, said free Si being 
formed in said SiC by a solidification of said molten Si 
remained after said reaction sintering; and 

a ceramic fiber being combined with the ceramic matrix, 
the ceramic fiber comprising a bundle officers bundled 
together to form a yarn in which said molten Si and C 
component infiltrate and react together during the reac- 
tion sintering, each of the fibers having a coat layer 
thereon, said ceramic matrix having a composition in 
which the ratio between a and b (b/a) is more than 1.00, 
provided that a content of the free Si in an inner portion 
located inside and in the vicinity of said yarn is a % by 
volume and the content of the free Si in an outer portion 
located outside of said vicinity of the said yarn is b % 
by volume. 

2. A ceramic matrix composite according to claim 1, 
wherein the content of the free Si in the outer portion is 
smaller than 25% by volume of the composite. 

3. A ceramic matrix composite according to claim 1, 
wherein said ratio is 1.17 or more. 
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4. A ceramic matrix composite according to claim 1, 
wherein the coat layer comprises a material containing at 
least one selected from the group consisting of BN, SiC, 
Sioj, Si 3 N, Si — C — N — O amorphous component and mix- 

5 tures thereof. 

5. A ceramic matrix composite according to claim 4, 
wherein the coat layer includes a boron nitride (BN) layer 
covering the ceramic fiber thereon so as to decrease bound- 

10 ing force between the ceramic matrix and the ceramic fiber. 

6. A ceramic matrix composite according to claim 5, 
wherein the coat layer includes a carbon (C) layer covering 
the BN layer and a silicon carbide (SiC) layer covering the 
C layer. 

is 7. The ceramic matrix composite according to claim 6, 
wherein the ceramic fiber is a fiber comprising SiC. 

8. The ceramic matrix composite according to claim 6, 
wherein the BN layer has a thickness of 0.2 /im or more and 
1.5 or less. 

20 9. The ceramic matrix composite according to claim 6, 
wherein the C layer has a thickness of 0.035 /an or more and 
1.0 ;«n or less. 

10. The ceramic matrix composite according to claim 6, 
wherein the SiC layer has a thickness of 0.2 //m or more and 

25 1.0 /«n or less. 

* * * * * 
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